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Human epidermal stem cells transit from a slow
cycling to an actively proliferating state to contribute
to homeostasis. Both stem cell states differ in their
cell cycle profiles but must remain guarded from
differentiation and senescence. Here we show that
Cbx4, a Polycomb Repressive Complex 1 (PRC1)-
associated protein, maintains human epidermal
stem cells as slow-cycling and undifferentiated,
while protecting them from senescence. Interest-
ingly, abrogating the polycomb activity of Cbx4 im-
pairs its antisenescent function without affecting
stem cell differentiation, indicating that differentia-
tion and senescence are independent processes in
human epidermis. Conversely, Cbx4 inhibits stem
cell activation and differentiation through its SUMO
ligase activity. Global transcriptome and chromatin
occupancy analyses indicate that Cbx4 regulates
modulators of epidermal homeostasis and represses
factors such as Ezh2, Dnmt1, and Bmi1 to prevent
the active stem cell state. Our results suggest that
distinct Polycomb complexes balance epidermal
stem cell dormancy and activation, while continually
preventing senescence and differentiation.
INTRODUCTION
The epidermis relies on a population of stem cells to continu-
ously maintain its barrier-protective function. Human epidermal
stem cells (epSCs) self-renew, locate at the basal layer, and
harbor the potential to regenerate a long-term homeostatic strat-
ified epithelium (Fuchs, 2009; Watt et al., 2006). However, in
contrast to murine epidermis (Clayton et al., 2007), human inter-
follicular epSCs do not proliferate continuously, but rather transit
between slow cycling and actively proliferating states during
homeostasis (Jensen andWatt, 2006; Jensen et al., 1999; Jones
et al., 1995; Jones and Watt, 1993; Legg et al., 2003; Li et al.,
2004; Watt and Jensen, 2009; Webb et al., 2004). It is onlyCellwhen cellular replenishment is required that dormant epSCs
become active, and the progeny undergo several rounds of
proliferation before committing to differentiation (Klein et al.,
2011).
Maintaining a proliferative and undifferentiated epSC state
depends on chromatin remodeling factors such as the histone
methyltransferase Ezh2, the histone lysine demethylase Jmjd3,
and the DNA methyltransferase Dnmt1 (Ezhkova et al., 2009;
Sen et al., 2008, 2010). However, the epigenetic mechanisms
underlying the quiescent epSC state, and the dynamic interplay
of chromatin remodeling factors required during the transition
from dormancy to activation, have not yet been identified. More-
over, it is currently unclear how relatively quiescent human
epSCs remain undifferentiated and protected from senescence.
Here we have studied the role of the polycomb protein Cbx4/
hPolycomb-2 (hereafter referred to as Cbx4) in regulating the
slow cycling of human epSCs, as well as their differentiation
and senescence.
Polycomb proteins are transcriptional repressors essential for
cell lineage choices during development, and are commonly de-
regulated in various human cancers (Morey and Helin, 2010;
Sauvageau and Sauvageau, 2010). In mammals, several PcG
proteins are found in at least two classes of complexes, termed
PolycombRepressiveComplex 1 and 2 (PRC1 andPRC2), which
compact the chromatin, leading to transcriptional silencing. The
PRC2 complex catalyzes the trimethylation of Histone H3-lysine
27 (H3K27me3) via itsmethyltransferase subunits Ezh2 and Ezh1
(Cao et al., 2002; Czermin et al., 2002; Kirmizis et al., 2004;
Kuzmichev et al., 2002). On the other hand, the PRC1 complex
formed by one subunit of Ring1, Cbx, Phc, Scml, and Pcgf
proteins (Levine et al., 2002) deposits the H2A-lys119-ubiquitin
mark through the E3-ligase activity of Ring1a/b (de Napoles
et al., 2004; Wang et al., 2004), though its chromatin compacting
function is independent of this activity (Eskeland et al., 2010).
Interestingly, although both complexes cooperate to repress
developmental genes through the interaction of PRC1 with the
H3K27me3 mark (Fischle et al., 2003), both can still function in
the absence of the other complex (Leeb and Wutz, 2007;
Schoeftner et al., 2006).
Several Cbx proteins, including Cbx2, Cbx4, Cbx6, Cbx7, and
Cbx8, interact with the core PRC1 complex, suggesting that
different combinations of PRC1 may exert distinct cellularStem Cell 9, 233–246, September 2, 2011 ª2011 Elsevier Inc. 233
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Figure 1. Cbx4 Is Unique among PRC1-Associated Cbx Proteins in Inhibiting Human Epidermal Stem Cell Proliferation
(A and B) Passage 0 human epidermal keratinocyteswere FACS sorted based on the expression of a6 integrin. Relative transcript levels of Cbx4, Cbx6, Cbx7, and
Cbx8 are shown with respect to their individual levels in the a6bright population.
(C and D) Colony formation of Cbx4-deficient (C) or Cbx4-ER-overexpressing (D) human epidermal keratinocytes, as compared to the control vector (pRSP-Scr or
pBABE, respectively). One thousand cells (C) and five thousand cells (D) were seeded in clonal density per well. Pictures are representative of three independent
infections of keratinocytes from three different donors. Scale bar: 400 mm.
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locus to prevent senescence (Dietrich et al., 2007; Gil and Peters,
2006), yet their specific functions during embryogenesis and
adult stem cell homeostasis are mostly unknown. Aside from
their evolutionarily conserved chromodomain responsible for
H3K27me3 recognition, Cbx proteins differ greatly in their
sequences and structure (Kerppola, 2009; Whitcomb et al.,
2007). For instance, Cbx4 is exclusive among Cbx proteins in
that it exerts a SUMOE3-ligase activity on transcriptional repres-
sors (Kagey et al., 2003; Wotton and Merrill, 2007). In addition,
Cbx4 enhances transcriptional repression by interacting with
Dnmt3b and Jarid1b (Kim et al., 2008; Zhou et al., 2009). At the
cellular level, Cbx4 promotes proliferative arrest of immortalized
cell lines through the Rb pathway (Dahiya et al., 2001; Satijn
et al., 1997).
Here we show that Cbx4 exerts unique functions in human
epSCs that are not shared with other PRC1-associated Cbx
proteins. Our results indicate that Cbx4 promotes a slow cy-
cling state and prevents differentiation and senescence of
human epSCs. Interestingly, Cbx4 utilizes polycomb-dependent
and -independent mechanisms to regulate the behavior of
human epSCs.
RESULTS
Cbx4 Is Unique among PRC1-Associated Cbx Proteins
in Promoting Slow Cycling of Human epSCs
The transcript levels of Cbx4 were progressively reduced in the
subpopulations of epidermal stem cells, transit amplifying cells,
and terminally differentiated cells in primary cultures of human
keratinocytes (FACS-purified according to the level of their
surface expression of integrin a6; a6bright, a6dim, and a6low,
respectively) (Figures 1A and 1B) (Li et al., 1998). When plated
at clonal density, the a6bright population give rise to a greater
number of clones consisting of holoclones,meroclones, and par-
aclones compared to the a6low population, which formed fewer
colonies, the majority of which were abortive paraclones, as an
indication of their differentiated status (Figures S1A and S1B
available online) (Barrandon and Green, 1987). The same trend
ofCbx4 transcript levelswas observed in interfollicular epidermal
keratinocytes (a6bright, dim, low/CD34neg) sorted from adult mouse
back skin (Figure S1C). Interestingly, none of the other PRC1-
associated Cbx proteins showed a pattern similar to that of
Cbx4 during differentiation: the levels of Cbx8 increased, while
those of Cbx6 and Cbx7 did not significantly change (Figure 1A).
In addition, the transcript levels of Cbx4 were comparatively the
highest among Cbx proteins in keratinocytes (Figure S1D).
We next studied the effect of perturbing the levels of endoge-
nous Cbx4 in conditions that allow for keratinocyte stratification.(E and F) Immunofluorescence staining of involucrin and integrin a6 in Cbx4 knoc
(E) and 40 mm in (F). Involucrin-positive cells were scored and plotted as a ratio
(G) mRNA levels of epidermal homeostasis genes in keratinocytes overexpressin
with control cells.
(H) SA-b-Galactosidase assay in control or Cbx4 shRNA-infected primary human
keratinocytes. Scale bar: 200 mm.
(I) SA-b-Galactosidase-positive keratinocytes were counted for each condition (>
Cells were continuously cultured in the presence of 4OHT in all overexpression ex
mean (SEM) from three independent infections for each condition. *p < 0.05; **p
See also Figures S1, S2, and S3.
CellKnockdown of Cbx4 (Figure S1E) did not prevent cell adhesion to
the culture dishes (Figures S1F and S1G), but resulted in a
reduction of the size and number of macroscopic colonies (Fig-
ure 1C, Figure S1H). Overexpression of an inducible form of
Cbx4, whose C terminus was fused to a modified estrogen
receptor (Cbx4-ER) and is only active upon treatment of cells
with 4-hydroxytamoxifen (4OHT), led to a reduction in the size
of the colonies compared to control cells (Figure 1D, Figure S1I).
Similarly to knockdown of endogenous Cbx4, these effects were
not due to the inability of Cbx4-ER expressing cells to adhere to
the culture dishes (Figures S1J and S1K). Interestingly, 24 hr
after plating them, Cbx4-ER overexpressing cells mostly re-
mained as single cells, with few groups of two adjacent cells
(one division), whereas a higher proportion of the control cells
were doublets or triplets, an indication of active proliferation
(Figures S1J and S1K).
Although macroscopically the effects of knocking down and
overexpressing Cbx4 were similar, microscopically the effects
were completely different. Thus, whereas knockdown of Cbx4
resulted in colonies with terminally differentiated-like mor-
phology, overexpressing Cbx4 led predominantly to small undif-
ferentiated colonies (Figures 1C and 1D). In addition, using
a construct that expressed GFP under a Cbx4-ER-IRES-GFP
cassette, we observed that the few large colonies present in
Cbx4-ER overexpressing cultures were in fact GFPdim low infec-
tants (Figures S2A and S2B). Decreasing the proliferative poten-
tial was a feature unique to Cbx4, since overexpression of Cbx6,
Cbx7, and Cbx8 did not lead to a reduction in the number or size
of the colonies (Figures S2C and S2D).
Immunostaining of integrin a6 and involucrin, which dis-
plays the undifferentiated and differentiated portions of the
culture, respectively, as well as transcript levels of differentiation
markers, confirmed that Cbx4 knockdown resulted in differenti-
ation of the culture, whereas its overexpression maintained cells
as undifferentiated (Figures 1E–1G). Interestingly, overexpres-
sion of Cbx4 also led to a decrease in the levels of Myc and
DNp63 (Figure 1G). Although Cbx4-overexpressing cultures dis-
played reduced proliferation, they also showed a gradual incre-
ment in the long-term clonogenicity, compared to control cells,
after 15 consecutive serial passages (Figures S2E–S2G).
In accordance with a role of Cbx proteins in preventing
senescence, depleting the endogenous expression of Cbx4 re-
sulted in an increase in the transcript and protein levels of
Cdkn2a/p16, as well as the activity of the senescence-associ-
ated SA-b-Galactosidase (Figures 1G–1I). Knockdown of Cbx4
also increased the granularity and cell size of the cells, as well
as the percentage of cells positive for Annexin-V, all of which
are indicative of keratinocyte replicative senescence (Gosselin
et al., 2009) (Figure S3).kdown (E) or Cbx4-ER-overexpressing (F) keratinocytes. Scale bars: 100 mm in
of total counted cells. >200 cells were scored per condition.
g Cbx4 (blue bars) or depleted of Cbx4 expression (yellow bars), as compared
keratinocytes (red dotted circles). Arrows point to SA-b-Galactosidase-positive
200 cells per separate infection) and plotted as a ratio for total counted cells.
periments included this figure. All error bars represent the standard error of the
< 0.01.
Stem Cell 9, 233–246, September 2, 2011 ª2011 Elsevier Inc. 235
Cell Stem Cell
Cbx4 Regulates Epidermal Stem Cell HomeostasisThe Chromodomain of Cbx4 Is Required for Repressing
Senescence, but Not for Preventing Proliferation and
Differentiation of epSCs
We next studied which of the cellular effects of Cbx4 depended
on its Polycomb function. First we confirmed that endogenous
Ring1b interacted with endogenous Cbx4, Cbx7, and Mel18,
but not with the PRC2 member Suz12, indicating that Cbx4 is
found within the PRC1 complex in human epidermal keratino-
cytes (Figure S4). To dissect the Polycomb-dependent func-
tions of Cbx4 in epSCs, we introduced mutations in its chromo-
domain (creating Cbx4F11A, Cbx4W35L, or the double mutant
Cbx4CDM, Figure 2A). These mutations completely abrogate
interaction with methylated H3 histone tails while maintaining
the proper folding of the protein (Fischle et al., 2003). Similar to
the wild-type Cbx4, overexpression of any one of the 4OHT
inducible chromodomain mutants of Cbx4 resulted in a severe
reduction of the size of the colonies (as exemplified by the double
mutant Cbx4CDM; Figures 2B and 2C, Figure S5A). However,
when analyzed microscopically, the colonies resulting from
Cbx4CDM expression displayed an abortive-like morphology,
similar to that obtained following knockdown of endogenous
Cbx4 (Figure 1C), suggesting that Cbx4CDM behaved like
a dominant-negative mutant of Cbx4 (Figure 2D). We confirmed
that wild-type and mutant Cbx4 were expressed at equal levels
(Figures 2E and 2F), and that expression of their noninducible
versions resulted in identical phenotypes to those of the induc-
ible expression constructs (Figures S5A and S5B).
Unexpectedly, although the morphology of Cbx4CDM colo-
nies was abortive-like, the expression of epidermal progenitor
and differentiation markers was virtually identical between
Cbx4WT- and Cbx4CDM-expressing cells (Figures 2G and 2H).
However, expression of Cbx4CDM, but not of Cbx4WT, resulted
in an increase in the levels of Cdkn2a/p16 transcript, indicating
that the repression of this locus is dependent on a functional
chromodomain (Figure 2H). We thus hypothesized that the Poly-
comb function of Cbx4 is primarily required for protecting human
keratinocytes from undergoing senescence but is dispensable
for the effect of Cbx4 on epSC quiescence and differentiation.
We tested this hypothesis by severalmeans. First,wedetermined
that the majority of Cbx4CDM, but not Cbx4WT or control colo-
nies, contained high activity of SA-b-Galactosidase (Figure 3A).
Expression of Cbx4CDM also increased the cellular complexity,
and percentage of Annexin-V-positive cells, as an indication of
increased premature senescence (Figure S5C). Second, we
compared whether the effects of Cbx4WT and Cbx4CDM were
reversible or irreversible, based on the premise that cell cycle
dormancy is a transitory process, while senescence is a predom-
inantly irreversible cellular fate (Kuilman et al., 2010). To this end,
our 4OHT inducible Cbx4 constructs allowed us to perform
reversibility experiments. In the presence of 4OHT, Cbx4WT-
ERorCbx4CDM-ERculturesgrewas small undifferentiated colo-
nies or senescent-like colonies, respectively (Figures 3B and 3D,
Figure S5A). However, Cbx4WT colonies resumed to a prolifera-
tive profile as early as 48 after withdrawal of 4OHT and were
capable of long-termgrowth, indicating that its effect over epSCs
is reversible and requires a constant activity of Cbx4 (Figures 3B
and 3F). Conversely, Cbx4CDM cultures remained nonprolifera-
tive in the absence of 4OHT, denoting the irreversible nature of
the effect of this mutant (Figures 3D and 3F).236 Cell Stem Cell 9, 233–246, September 2, 2011 ª2011 Elsevier InTo further verify whether the chromodomain of Cbx4 is solely
required for its antisenescence function, we performed a rescue
experiment by knocking down endogenous Cdkn2a/p16 in
Cbx4WT- or Cbx4CDM-expressing cells. Interestingly, reducing
p16 to baseline levels in Cbx4CDM cells resulted in small, undif-
ferentiated colonies that expressed low levels of terminal differ-
entiation markers, which were virtually identical to the Cbx4WT
colonies (Figure 3G, Figures S5D and S5E). Therefore, the Poly-
comb-deficient Cbx4 mutant induced epSC senescence in a
p16-dependent manner, yet had no effect on their differentiation,
suggesting that senescence and terminal differentiation can
occur independently from each other in the epidermis. Under-
scoring this concept is the fact that stimulation of epSCs
with calcium, to force them to undergo terminal differentiation,
steadily increased the levels of involucrin and filaggrin, but
reduced the levels of p16 and p19 (Figure S6A). As a control of
PRC1 regulating the Ink4a locus in human keratinocytes, we
verified that knockdown of the PRC1 subunits Bmi1 or Mel18
resulted in an increase in the transcript levels of Cdkn2a/p16,
and accordingly reduced the clonogenic capacity of the cells
(Figures S6B–S6G) (Dietrich et al., 2007; Jacobs et al., 1999).
Global Transcriptome Analysis Indicates that the
Chromodomain of Cbx4 Is Dispensable for Regulating
epSC Proliferation and Differentiation
Wenext compared the global transcriptomes of human keratino-
cytes expressing Cbx4WT or Cbx4CDM (the full list of genes can
be found in Table S1, available online). As a control, we also per-
formed microarray analysis on Cbx4-depleted (KD) human kera-
tinocytes (Table S2). Knockdown of Cbx4 resulted in an in-
creased expression of both a large number of genes pertaining
to the epidermal terminal differentiation cluster and Cdkn2a/
p16. Gene ontology analysis indicated that the global transcrip-
tome changes that occurred upon knockdown of Cbx4 corre-
sponded mainly to those genes associated with epidermal
differentiation and morphogenesis (Figure 4A). Interestingly,
comparison of the Cbx4WT and Cbx4CDM transcriptomes
revealed that they differed only in a very low number of genes
(Figures 4B–4D; full list in Table S3). As expected, abrogation
of the chromodomain induced the expression of Cdkn2a/p16,
and a second senescence-associated gene, Cdkn1c/p57 (Fig-
ure 4D) (Kim et al., 2010). However, none of the genes involved
in epSC proliferation, or onset and terminal differentiation,
showed any differences between the wild-type and the chromo-
domain mutant Cbx4 cells (Figure 4B). A less stringent statis-
tical analysis, focusing on differences between Cbx4WT and
Cbx4CDM regardless of their fold-change with respect to the
control cells, revealed that genes such as Bmp4, Lgr6, IGFBP3,
and Runx3, all of which have been previously implicated in
specific aspects of keratinocyte behavior, were derepressed in
Cbx4CDM cells, suggesting that the chromodomain may con-
tribute to some aspects of epidermal homeostasis (Table S4)
(Gosselet et al., 2007; Liem et al., 1995; Plikus et al., 2008; Snip-
pert et al., 2010). We also observed an intriguing Polycomb regu-
latory loop, in which Cbx4 reduced the expression levels of Ezh2
and Dnmt1, both of which are required for the proliferation of
basal epidermal keratinocytes (Figure 4B; Table S3) (Ezhkova
et al., 2009; Sen et al., 2010). The observed changes for selected
genes were validated by RT-qPCR (Figure 4C).c.
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Figure 2. The Polycomb Function of Cbx4 Is Required for Repressing Senescence, but Not for Preventing Differentiation of Epidermal Stem
Cells
(A) Schematic representation of the two point mutations within the chromodomain of Cbx4 that abrogate binding to H3K27me3.
(B and C) Expression of Cbx4CDM or Cbx4WT in human primary keratinocytes causes a proliferative arrest. Five thousand infected cells were seeded per well in
triplicate. Images shown are representative of three independent infections. Colonies overexpressing Cbx4WT or Cbx4CDM or infected with the empty vector
were counted on the basis of their size. Cells were continuously cultured in the presence of 4OHT.
(D) The morphology of Cbx4CDM keratinocyte colonies resembles that of Cbx4-depleted keratinocytes. Scale bar: 250 mm.
(E) Western blotting showing equal protein levels of Cbx4WT-ER and Cbx4CDM-ER fusion proteins.
(F) Cbx4 immunofluorescence showing equal levels of overexpressed Cbx4WT or Cbx4CDM. Scale bars: 50 mm.
(G) Cbx4CDM-infected keratinocytes express high levels of integrin a6 and low levels of involucrin, similar to Cbx4WT-expressing cells. Scale bar: 100 mm.
(H) Relative transcript levels of differentiation markers indicate that Cbx4CDM and Cbx4WT overexpressing keratinocytes have similar profiles. Cdkn2a/p16 is
induced upon expression of Cbx4CDM, but not Cbx4WT. Error bars indicate SEM from three independent infections. *p < 0.05; **p < 0.01.
See also Figures S4, S5, and S6.
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Figure 3. Cbx4CDM Increases SA-b-Galactosidase Activity and Induces an Irreversible Cell Cycle Exit and Its Effect Is Rescued
by Knockdown of p16
(A) Keratinocytes overexpressing Cbx4WT, Cbx4CDM, or Cbx4DSIM and stained for SA-b-Galactosidase activity. Counts of individual cells were performed on
cells grown in KSFM (top row) or cocultured with a feeder layer (bottom row) showing a significant increase in SA-b-Galactosidase stain upon Cbx4CDM
overexpression, but not with the Cbx4WT or Cbx4DSIM conditions. Scale bar: 50 mm (top row), 200 mm (bottom row).
(B–F) The proliferative arrest exerted by Cbx4WT is reversible (B, C, and F), whereas Cbx4CDM induces an irreversible cell cycle arrest (D–F). Keratinocytes
infected with the 4OHT-inducible version of Cbx4WT or Cbx4CDM were grown in the presence of 4OHT for 3 days and then trypsinized; equal numbers of cells
were reseeded in six wells. Three wells were maintained in the presence of 4OHT, while the other three were grown in the absence of 4OHT (B and D). The
clonogenic assay shown is representative of three independent experiments. In parallel, after being grown in the presence of 4OHT for 3 days, cells were counted
48 hr after withdrawal of 4OHT, showing a doubling of cell number compared with Cbx4WT where 4OHT was kept; no difference was observed with Cbx4CDM
plus or minus 4OHT (F).
(G) The phenotype induced by expression of Cbx4CDM is partially rescued by knockdown of p16. Five thousand infected keratinocytes were seeded per well, in
triplicate. Higher magnification of representative colonies for each condition are shown. Scale bar: 150 mm.
All error bars represent the standard error of the mean (SEM) from three independent infections for each condition. *p < 0.05; **p < 0.01.
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Figure 4. Global Transcriptome Analysis Indicates that the Chromodomain Is Dispensable for Epidermal Proliferation and Differentiation,
but Is Required for Protection from Senescence
(A) Gene ontology (GO) analysis of genes upregulated upon Cbx4 knockdown, using the gene annotation tool from the DAVID database. Black bars represent the
log10 of p values of each category.
(B) Representative heat maps from global comparative transcriptome analysis indicate that Cbx4WT and Cbx4CDM repress genes involved in proliferation, onset
of differentiation, and terminal differentiation, to the same extent.
(C) Validation by RT-qPCR of selected chromodomain-dependent and -independent targets of Cbx4, in three independent experiments. Errors bars represent
the SEM.
(D) Heat maps of selected chromodomain-dependent targets of Cbx4 indicate that the chromodomain is required to repress senescence-associated genes.
*p < 0.05; **p < 0.01.
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Cbx4 Is Dependent on Its SUMO-E3 Ligase Activity
We next expressed an E3-ligase-deficient Cbx4 mutant to
assess the contribution of the SUMO E3-ligase activity of Cbx4
to its function in human keratinocytes (Cbx4DSIM) (Yang and
Sharrocks, 2010). Interestingly, in contrast to Cbx4WT, expres-
sion of Cbx4DSIM stimulated, rather than suppressed, prolifera-
tion (Figures 5A and 5B). Moreover, the colonies formed by
Cbx4DSIM resembled those of the control cells in that they
contained a higher proportion of differentiated cells than those
generated upon overexpression of Cbx4WT (Figures 5C and
5D). Immunostaining for integrin a6 and involucrin, as well as
transcript levels of terminal differentiation markers, confirmed
that Cbx4DSIM was no longer capable of preventing differentia-
tion as Cbx4WT did (Figures 5C and 5D). At the cell cycle level,
expression of Cbx4DSIM increased the proportion of cycling
cells found at the S and G2/M phases of the cell cycle, whereas
expression of Cbx4WT resulted in an accumulation of cells in
G1/S (Figure 5E). As expected, expression of Cbx4CDM almost
completely eliminated cells at G1 and resulted in a cell cycle
profile strongly indicative of cellular senescence (Figure 5E).
Equal expression of Cbx4WT and Cbx4DSIM was verified by
western immunoblot (Figure 5F).
Global comparison of the transcriptomes of Cbx4WT- and
Cbx4DSIM-expressing human epidermal keratinocytes by mi-
croarray analysis indicated that the SUMO E3-ligase activity
of Cbx4 is indeed required for its antiproliferative and antidif-Cellferentiation function (Figure 5G; the full list of genes is given in
Table S5). Cbx4DSIM no longer upregulated Lrig1, a gene
required for epidermal stem cell quiescence (Jensen and Watt,
2006), and was not capable of repressing genes required for
proliferation, as compared to wild-type Cbx4 (Figure 5G). In
addition, expression of Cbx4DSIM did not result in repression
of genes involved in the onset of differentiation or terminal differ-
entiation (Notch, Myc, Ivl, SPRR1A, SPRR2A-2F, SPRR3, Krt24,
and Krt78) (Figure 5G).
In a recent report, Kang et al. (2010) have shown that the
SUMO E3-ligase activity of Cbx4 is required for its Polycomb
function. However, abrogation of the SUMO E3-ligase activity
of Cbx4 in our system did not affect its Polycomb function, as
shown by persistent repression of several of the chromodo-
main-dependent targets, and a complete lack of SA-b-Galacto-
sidase activity and the cell morphology changes associated
with expression of Cbx4-CDM (Figure 5H, Figure 3A, and
Figure S5C).
Cbx4 Globally Binds to Genes Involved in Epidermal
Homeostasis
We next performed chromatin immunoprecipitation followed by
massive parallel sequencing (ChIP-seq) of Cbx4 in human
epidermal keratinocytes. Analysis of the results indicated that
Cbx4 clusters at Transcriptional Start Sites (TSSs) (Figure 6A)
and at proximal promoter regions, but is also present at introns
and at the 30UTR regions (Figure 6B). Comparative analysis ofStem Cell 9, 233–246, September 2, 2011 ª2011 Elsevier Inc. 239
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Figure 5. Inhibition of Epidermal Stem Cell Proliferation and Differentiation by Cbx4 Is Dependent on Its SUMO-E3 Ligase Activity
(A and B) Expression of a Cbx4DSIM rescues the proliferative arrest induced by Cbx4WT expression. Each well was seeded with 5000 infected cells. Pictures are
representative of triplicates seeded from three independent infections. Colonies were counted on the basis of their size. Cells were continuously cultured in the
presence of 4OHT.
(C) Cbx4DSIM expression does not repress proliferation- or differentiation-associated genes. Transcript levels of c-Myc and involucrin were analyzed by
RT-qPCR.
(D) Colonies of Cbx4DSIM-expressing keratinocytes expressed similar levels of involucrin and integrin a6 as control colonies. Scale bar: 100 mm.
(E) Representative cell cycle profiles of Cbx4WT-, Cbx4CDM-, or Cbx4DSIM-expressing keratinocytes.
(F) Equal protein levels of Cbx4WT-ER, Cbx4CDM-ER, and Cbx4DSIM-ER fusion proteins.
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Figure 6. Cbx4 Globally Binds to Genes Involved in Epidermal Homeostasis, Cell Proliferation, and Embryonic Development
(A and B) Global genomic occupancy of Cbx4 in primary human epidermal keratinocyte. Cbx4 interacts with chromatin predominantly around transcription start
sites and proximal promoter regions but is also present at introns and at the 30UTR regions.
(C) Cbx4 functions as a transcriptional repressor. Overlap of the ChIP-seq data with the Cbx4 shRNA expression arrays indicates that the direct targets are
upregulated upon knockdown of Cbx4.
(D) Gene ontology of Cbx4 target genes using DAVID Bioinformatic Resources. The bars represent the log10 p values of each category.
(E) Cbx4 is enriched at proximal promoter regions, as shown forGATA4 andGATA6 genes, but also is spread along exons and introns of some target genes, such
as Cdkn2a/p16.
(F) Confirmation of several selected targets from the ChIP-seq data by ChIP-qPCR. Each ChIP was performed in duplicate using primary human keratinocytes
from three different donors.
Error bars indicate SEM. *p < 0.05.
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Cbx4 knockdown cells revealed that all overlapping genes of
the two lists were upregulated uponCbx4 knockdown, indicating
that Cbx4 might function primarily as a transcriptional repressor
(Figure 6C). Interestingly, a significant proportion of genes bound
by Cbx4 relate to regulation of transcription, regulation of cell
proliferation, cell fate commitment, and neural specification
genes, as indicated by gene ontology analysis of the list of target
genes (Figure 6D; Table S5).
Among the list of genes, previously shown bona fide targets of
Polycomb function, such as Cdkn2a/p16 and several genes of
the Hox and Lhx clusters, as well as two previously identified(G) Heat map representation of microarray data collected from Cbx4WT- or Cbx
repress genes involved in proliferation, onset of differentiation, or terminal differe
(H) Expression of Cbx4DSIMmaintains levels of chromodomain-dependent transc
as with Cbx4CDM.
All error bars represent the standard error of the mean (SEM) from three indepen
Celldirect targets of Cbx4 (Gata4 and Gata6), were confirmed in
our analysis (Figure 6E; the full list of genes can be found in
Table S6) (Kang et al., 2010). In addition, we identified several
direct targets of Cbx4 that were relevant to the phenotype we
observed after modulating its expression in human epidermal
keratinocytes. Accordingly, activation and proliferation genes
such as Bmi1, NRG1, MAP2K5, MAPK3, the VEFG receptor
FLT1, RUNX1, SCUBE2, and CCNA1 were confirmed to be
direct Cbx4 targets (Table S6). Other genes occupied by Cbx4,
such as HNF1b (which induces the expression of Notch1,
Hes1, and Jagged), Notch3, Hey1, Hey2, and Lef1, were related
to pathways involved in the onset of epidermal differentiation4DSIM-expressing keratinocytes. In contrast to Cbx4WT, Cbx4DSIM did not
ntiation.
ripts similar to those seen with Cbx4WT, and does not alleviate their repression
dent infections for each condition. *p < 0.05; **p < 0.01.
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Figure 7. Human Epidermal Stem Cells Depleted of Cbx4 Cannot
Reconstitute a Human Epidermis in a Model of In Vivo Stem Cell
Transplantation
(A) Primary human keratinocytes infected with control pRSP-Scr or
Cbx4shRNA were transplanted into Swiss Nude mice as described in the
Experimental Procedures.
(B–D) Cbx4-depleted human keratinocytes fail to reconstitute a stratified
epidermis. (C) Hematoxylin/eosin staining of sections from the graft, collected
4 weeks after implanting the human cells. Scale bars: 50 mm. (D) Immu-
nostaining of paraffin sections with a human-specific involucrin antibody
Cell Stem Cell
Cbx4 Regulates Epidermal Stem Cell Homeostasis
242 Cell Stem Cell 9, 233–246, September 2, 2011 ª2011 Elsevier In(Watt et al., 2008). Direct binding of Cbx4 to these aforemen-
tioned targets was confirmed by ChIP-qPCR (Figure 6F).
Cbx4-Depleted Human epSCs Fail to Reconstitute
a Homeostatic Epidermis In Vivo
EpSCs can efficiently reconstitute a self-renewing epithelium
containing all epidermal lineages when transplanted onto immu-
nodeficient mice (Gangatirkar et al., 2007). We inoculated Swiss
Nude mice with a mixture of human epSCs and newborn murine
dermal fibroblasts, implanted over a silicon protective chamber
(Figures 7A and 7B). Human epSCs were capable of fully recon-
stituting a stratified epidermis, with a well defined basal layer,
and of expressing differentiation markers (note that the antibody
used to detect involucrin is human specific and does not cross-
react with mouse protein) (Figures 7C and 7D). However, knock-
down of Cbx4 impaired the reconstitution potential of human
epSCs, as observed by a complete lack of a human stratified
epidermis, and reconstitution of the transplanted area by mouse
host keratinocytes, as indicated by the absence of expression of
human involucrin (Figures 7C and 7D).
To further confirm that depletion of Cbx4 abrogated epidermal
stemness, we performed competition assays between control
and Cbx4KD cells. Cells were transduced with either a lentiviral
vector expressing Cbx4 shRNA or a scrambled shRNA control,
both expressing GFP from an IRES-GFP cassette (Figure S7).
Nude mice were then transplanted with equal numbers of
GFP-positive control keratinocytes/non-GFP control keratino-
cytes (uninfected), or a mixture of Cbx4KD-GFP keratinocytes/
non-GFP control keratinocytes (Figure 7E). Both mixtures of
control GFP-positive/GFP-negative and Cbx4KD-GFP-positive/
control GFP-negative cells grafted and were present throughout
the transplanted area 7 days after transplantation, as shown in
Figures 7F and 7G. As expected, 6 weeks after transplanting
the cells, control GFP-positive and GFP-negative cells had
equally contributed toward epithelia regeneration and mainte-
nance, with both cell types present in all layers of the epithelium
(Figures 7F and 7G). Conversely, Cbx4KD-GFP cells did not
permanently contribute to the basal layer andwere only detected
in the uppermost suprabasal layers and stratum corneum
(Figures 7F and 7G).
DISCUSSION
Stem cell activation is a transitory state, which requires a combi-
nation of a high proliferative and metabolic rate coupled with the(green fluorescence). Scale bars: 50 mM. Red fluorescence corresponds to
keratin5.
(E) Diagram of the transplantation competition assay between control and
Cbx4-depleted keratinocytes.
(F) Quantification of GFP-positive cells relative to total nuclei (>200 cells
counted per point); n = 4 mice grafted per point, experiment done in duplicate.
Error bars show SEM.
(G) Hematoxylin/eosin staining of sections of grafts collected 6 weeks after
implanting the cells. Direct visualization of GFP fluorescence in control and
Cbx4KD competition transplants is shown.
(H) Schematic representation of the proposed function of Cbx4 in maintaining
human epidermal stem cells in a quiescent, undifferentiated state that is
protected from senescence.
Error bars indicate SEM. **p < 0.01. See also Figure S7.
c.
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Cbx4 Regulates Epidermal Stem Cell Homeostasisprevention of the onset of differentiation. In addition, cells need
to be protected from the risk of undergoing senescence associ-
atedwith an active proliferative state (Kuilman et al., 2010). Some
of the factors that promote interfollicular epSC activation,
including Ezh2 (Ezhkova et al., 2009) and Dnmt1 (Sen et al.,
2010), can globally, and directly, prevent the onset of differenti-
ation while protecting the cells from undergoing replicative
senescence. Accordingly, the transition from an active state to
onset of differentiation involves eliminating transcriptional re-
pressive marks at the promoters of differentiation genes (Sen
et al., 2008). Since Cbx4 represses some of these factors to
maintain a low proliferative stem cell state, epSCs would conse-
quently be unprotected fromdifferentiation and senescence. Our
results indicate that protection from senescence in slow cycling
human epSCs is achieved by Cbx4 through its PRC1-associated
Polycomb function. Additionally, Cbx4 exerts a unique and spe-
cialized function, which is dependent on its SUMOylation activity
but independent of its chromodomain, to prevent active prolifer-
ation and repress pathways required for terminal differentiation.
In this sense, high expression of Cbx4 correlates with low ex-
pression of terminal differentiation markers and a slow cycling
profile, all of which correspond to features of slow cycling/
dormant human epSCs (Watt and Jensen, 2009). Slow cycling
human epSCs expressing high levels of Cbx4WT contain low
levels of DNp63, whose depletion has been described to prevent
the proliferation, differentiation, and stratification of human
epidermal keratinocytes grown in 3D cultures (Truong et al.,
2006). Interestingly, the loss of epidermal stratification observed
upon knockdown of p63 was accompanied by an elevated
expression of the simple epithelia-specific keratins Krt8 and
Krt18, both of which are upregulated upon expression of
Cbx4WT (Table S1). In addition, cells with high levels of Cbx4WT,
but not the SUMO mutant (Table S5), show high expression of
the EGFR1 antagonist Lrig1, which promotes human epSC
quiescence (Jensen and Watt, 2006). At last, expression of
Cbx4 reduces the levels of the transcription factor Myc, the
high levels of which correlate to increased proliferation followed
by enhanced differentiation of human keratinocytes (Frye et al.,
2003; Frye and Watt, 2006; Gandarillas and Watt, 1997; Geb-
hardt et al., 2006; Watt et al., 2008). The outcome of all the
changes induced by Cbx4 is that human epSCs can transit
from a dormant to an active state while remaining undifferenti-
ated and protected from senescence (Figure 7G). Interestingly,
Cbx4 is also expressed in the basal progenitors of murine inter-
follicular epidermis where quiescent stem cells are not required
for tissue self-renewal (Clayton et al., 2007), suggesting that
Cbx4may be capable of regulating epidermal homeostasis inde-
pendently of its antiproliferative function. The precise roles of
Cbx4 in murine epidermis will require future studies with Cbx4
gain- and loss-of-function conditional mouse models.
Our data indicate that none of the other PRC1-associated Cbx
proteins impair human epSC proliferation. These results suggest
that several PRC1 complexes may exist to exert different but
perhaps consecutive functions during the relevant transitions
an adult stem cell undergoes (dormancy to activation, and onset
of differentiation). In this sense, a recent report has indicated that
different Cbx proteins are not only mutually exclusive, but form
unique multiprotein complexes, highlighting the molecular and
functional complexity of the PRC1 complex (Vandamme et al.,Cell2011). The fact that deletion of different subunits of the PRC1
complex, including Ring1b, Bmi1, and Cbx2, results in distinct
developmental and adult tissue phenotypes further points in
this direction (Leeb et al., 2010; Leeb and Wutz, 2007; van der
Stoop et al., 2008; Voncken et al., 2003).
It will be interesting to determine whether other PRC1-associ-
ated Cbx proteins solely rely on their chromodomain to exert
their biological functions, and which accessory factors deter-
mine their stepwise association with the core PRC1 complex at
each stage of stem cell function. It is possible that all Cbx
proteins share a PRC1-dependent antisenescent function (Gil
and Peters, 2006), no matter at which stage they act to regulate
epSC function. Protection from senescence is likely to be re-
quired for all epidermal cells, whether dormant, active, or under-
going differentiation, in order tomaintain healthy cells for homeo-
stasis. Therefore, whereas different Cbx proteins might, in a
stepwise manner, associate and dissociate from the core
PRC1 complex, PRC1 activity itself toward senescence would
remain constant during epidermal homeostasis. This is sup-
ported by our observations that the levels of p16 are gradually,
and constantly, decreased upon terminal differentiation of pri-
mary human keratinocytes. Furthermore, whereas cells express-
ing the chromodomain mutant of Cbx4 undergo senescence but
not differentiation, the DSIM mutant, which does not prevent
differentiation and promotes proliferation, still protects cells
from senescence. These results not only imply that senescence
and differentiation are two independent processes in homeo-
static epidermis, but may be relevant toward our understanding
of skin aging and tumorigenesis, both of which entail perturbing
these two cellular processes.EXPERIMENTAL PROCEDURES
Cell Culture
Primary human keratinocyteswere isolated from neonatal or adult foreskin and
cultured together with a feeder layer of fibroblasts (J2-3T3) as described previ-
ously (Gandarillas andWatt, 1997). Keratinocytes were infected with the retro-
viral/lentiviral plasmids mentioned, using PhoenixA/293T cells. The keratino-
cytes were selected for 2 days with 2 mg/ml puromycin. Unless otherwise
mentioned, the infected keratinocytes were grown for 5 days after infection/
selection/reseeding for experiments. For calcium-induced differentiation, ker-
atinocytes were grown in Keratinocyte Serum-Free Medium with supplements
(KSFM; GIBCO). After reaching 50% confluency, keratinocytes were cultured
in DMEM, with 10% FBS and 1.2 mM calcium for the indicated times.
Plasmids
Cbx4 cDNA was cloned into pMSCV and pMSCV-Puro-IRES-GFP (PIG). For
inducible expression of Cbx4, Cbx4-ER was cloned in pBABEpuro. The chro-
modomain was mutated using the Quickchange II XL Site-Directed Mutagen-
esis Kit (Stratagene) to create the single F11A or W35L mutants, as well as the
double mutant. Cbx4-DSIMwas a kind gift fromDavidWotton. For knockdown
experiments, shRNA sequences were cloned into pRETROsuper and into
pTYF-GFP. For Cbx4, two shRNA sequences were used: (1) 50AGATGA
AGATAGTCAAGAA 30; and (2) 50AGTACGAGCTCAACAGCAA 30. Knockdown
of p16INK4a and Bmi1 were achieved using validated shRNAs (Bracken et al.,
2007; Drayton et al., 2003). Mel18 knockdown was achieved using the
sequence 50GAGCCACTGAAGGAATACT 30.
RT-qPCR
Total RNA was isolated using an RNeasy minikit (QIAGEN), and cDNA was
reverse-transcribed from 1 mg of total RNA with oligo dT primers using Super-
script III (Invitrogen). qPCR reactions were performed in the Roche LightcyclerStem Cell 9, 233–246, September 2, 2011 ª2011 Elsevier Inc. 243
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samples. The primers used are listed in Table S7.
Immunofluorescence and Immunoblotting
Antibodies used were against Cbx4 (USBiological P4363-10), b-Tubulin I
(Sigma T 7816), Cbx7 (Abcam ab21873), Suz12 (Abcam ab12073), Mel18
(SantaCruz sc-10744), Ring1B (Di Croce Lab), involucrin (Abcam ab68), and
CD49f (AbD serotec MCA699PE). For immunofluorescence, cells were fixed
in 2% PFA for 15 min, permeabilized with 0.5% Triton X-100 for 10 min,
blocked in 10%FBS for 1 hr, and stained overnight at 4C in a humid chamber.
Images were acquired with a Leica SP5 confocal microscope and analyzed
with the ImageJ software. Secondary antibodies were conjugated with Alexa
Fluor 488 or 594 (Molecular Probes) for visualization, or with HRP for
immunoblotting.
ChIP and Coimmunoprecipitation
For CoIPs, cells were lysed with 50 mM Tris-HCl (pH 7.6), 300 mM NaCl, 10%
glycerol, and 0.2% Igepal, and total cell lysates were then incubated with 5 mg
of Ring1B antibody. The Ring1B-bound fraction was purified with protein
A-agarose beads and probed by immunoblotting. For ChIP experiments, ker-
atinocytes were trypsinized and crosslinked with 1% formaldehyde for 10 min
at room temperature (RT). Crosslinking reactions were stopped by quenching
with 0.125 M glycine for 5 min at RT and washed with PBS. Cells were lysed in
1.3 ml of ChIP buffer (100 mM NaCl, 50 mM Tris-Cl [pH 8.1], 5 mM EDTA [pH
8.0], NaN3 0.2%, 0.5% SDS, and 5% Triton X-100 in water) and sonicated for
10 min in a Bioruptor (Diagenode). After quantifying by Bradford, 500 mg of the
soluble fraction was used to immunoprecipitate transcription factors, while
100 mg of the fraction was used to immunoprecipitate histones. The chro-
matin/antibody mixes were incubated overnight at 4C in 500 ml total volume.
Thirty microliters of protein A or G bead slurry was incubated with themixes for
1 hr, and the beads were washed three times with a Low Salt Buffer (50 mM
HEPES [pH 7.5], 140 mM NaCl, and 1% Triton X-100, and protease inhibitors)
and once with a High Salt Buffer (50 mM HEPES [pH 7.5], 500 mM NaCl, 1%
Triton X-100, and protease inhibitors). Samples were decrosslinked in 100 ml
of 1% SDS and 100 mM NaHCO3 at 65
C for 3 hr. DNA was eluted in 200 ml
of water, using a qPCR purification kit (QIAGEN), and analyzed by qPCR in
a Roche Lightcycler using the SYBR Green Master Mix. The primers used
are listed in Table S7.
FACS Analysis
For sorting, cells were collected, counted, filtered through a 40 mmcell strainer
(BDBioscience), and stained for 45 min with primary antibodies in ice. Primary
human keratinocytes were sorted on the basis of single cellularity and viability
(DAPI), and integrin a6 coupledwith PE (Serotech). FACS purification of human
epidermis was performed on a FACS Aria system equipped with FACS DiVa
software (BD Bioscience). For Annexin-V staining, cells were processed with
an Invitrogen Annexin-V Kit (cat# A-35136) following the manufacturer’s indi-
cations and analyzed using a FACS LSR II (BD Bioscience).
SA-b-Galactosidase Staining
Keratinocytes were seeded on coverslips and allowed to grow for 3 days, then
washed once with PBS and fixed with 0.5% glutaraldehyde for 15 min, after
which they were washed with PBS supplemented with 1 mM MgCl2. Cells
were stained in X-Gal solution (1 mg/ml X-Gal [Roche 745740], 0.12 mM
K3Fe[CN]6, 0.12 mM K4Fe[CN]6, and 1 mM MgCl2, in PBS [pH 6.0]) overnight
at 37C. Pictures were taken the following morning.
Skin Reconstitution Assay
6 3 106 transfected human keratinocytes (3 3 106 noninfected + 3 3 106
infected for competition assays) were mixed with 4 3 106 mouse newborn
fibroblasts. Eight-week-old male Swiss Nude mice (Charles River Laborato-
ries) were anesthetized and a 1 cm incision was made on the dorsal backskin
to implant a silicon chamber, as previously described (Blanpain et al., 2004).
The mixture of cells was transplanted inside the silicon chamber by using
a p200 pipetman. Mice were housed individually and after 8 days were anes-
thetized and the chamber was removed to allow the grafted area to be in direct
contact with the air. Grafts were biopsied after 46 weeks. For direct GFP
visualization tissue was fixed with 4% PFA for 2 hr at RT and then embeded244 Cell Stem Cell 9, 233–246, September 2, 2011 ª2011 Elsevier Inin OCT and frozen at 80C. All mice were housed under specific pathogen
free (SPF) conditions, and all procedures were approved by the Ethical Com-
mittee for Animal Experimentation from the Government of Catalun˜a.
Immunostaining of Tissue Sections
Antibodies used were involucrin (Abcam ab68) and cytokeratin 5 (Abcam
ab24647). Paraffin sections were hydrated and permeabilized with 0.25%
Triton X-100 for 25 min at RT. Antibody retrieval was achieved by incubating
the sections in 10 mM sodium citrate (pH 6.0) in a microwave and boiling for
10 min. Sections were blocked in 0.25% gelatin (Panreac #251336) in PBS
for 2 hr and antibodies were incubated overnight at 4C in the same buffer
at a 1:200 dilution. Secondary antibodies were incubated for 2 hr at RT in
0.25% gelatin in 1:500 dilution. Nuclei counterstaining was done with DAPI.ACCESSION NUMBERS
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